The new generation of elementary particle and nuclear physics experiments demand instrumentation with a more precise spatial resolution and a better and faster energy response. Nuclear physics and space experiments need position sensitive pad detectors having very thin entrance windows while high energy physics and medical applications use fast microstrip or drift detectors. Silicon pixel detectors can be improved by implementing integrated electronics on it. They allow a better X-ray energy resolution and are also used in hybrid photocathode tubes for faster timing and larger dynamic range.
INTRODUCTION
Passivated implanted planar silicon (PIPS) detectors [1] can be designed as position sensitive devices giving a position information in one or two directions. The position resolution is virtually possible in the range 25 µ to 20 mm but depends on the particle energy, timing features and number of preamplifiers. There is always an optimum solution for each requirement because of the limitations of the different designs. Furthermore, active area and depletion thickness play an important role because leakage current and diode capacitance have a large contribution to the electronic noise and will give important limitations in position and energy resolutions [2] . A thin entrance window thickness is also important for heavy ions and low energy particles and cannot be made for every type of detector. Different structures can be used to build a position sensitive detector. The most simple principle is an array of elementary diodes (strip, pad or pixel). These can be made on one side of a detector or on both sides if two directions are needed. Another possibility to achieve a position information is to make a pulse sharing between two or several contacts on the same diode and analyse the signal height taking into account the total particle energy. This pulse sharing can be based on a resistive layer (resistive pads or layer) or on a capacitance coupling between diodes (strip or pixel detectors). The signal is then analysed by pulse height difference divided by the total energy, or by the timing performances on each of the contacts. A more subtle way to design a position sensitive detector is to use a field parallel to the diode surface which drains the electrons created by the particle interactions to anodes (drift detector). The electron velocity to reach the anodes from the interaction point will give the position in one direction, while the anode pitch gives the position resolution in the perpendicular direction. By using different techniques, more complex detectors can be made such as pixel detector mounted inside a photocathode tube for light detection.
CLASSIFICATION
One direction position sensitive detectors are mostly made by single sided processes except if the entrance window has to be very thin or if no dead gap is tolerated between pads or strips in case of charged particles that will be stopped in the depletion layer. Two directions position sensitive detectors are normally made by double sided process but some structures require only single sided processing. This can be an important point regarding detector price. Another requirement is the number of preamplifiers needed which can make the setup simple or very complex. The following tables summarise the different possibilities.
One direction
Resistive Detector entrance window thickness will be an important factor for the kind of particles and the minimum detectable energy. For photons, above one keV, the standard dead thickness (1.5 µ ) is thin enough and allows wire bonding on strip, pad or pixel connections. But if heavy particles, low energy electrons or protons have to be measured, the entrance window is of great interest and should be adapted to the requirements. 
RESISTIVE LAYER DETECTORS

Principle of Resistive layer detectors
The most common position sensitive detector employs resistive charge division to obtain spatial information on impinging radiation. Devices of this type are characterised by their modest requirement for external electronics. The point of radiation incidence may be determined either by the amplitude (pulse height) or by the timing technique [3] . The semiconductor material forms a detector with a resistive electrode (junction or ohmic) with contacts at each end. An opposite electrode of low resistivity ensures good electrical contact to the base material. When an energetic, charged particle loses energy in the depleted region, free electrons and holes are formed and subsequently collected at the electrodes because of the strong electric field in the depletion region. The charge collected at the resistive electrode will flow towards the end contacts. The amount of charge (qx) reaching one of the two contacts is strictly proportional to the distance between the point of incidence and the other contact. The total charge (q0) is proportional to the energy deposited in the depleted region and is easily obtained through the low resistive electrode. The position information is obtained by a division of the two signals. Fig 1 shows the equivalent circuit of a position sensitive detector with one resistive electrode ended by two contacts. Position and energy resolution can be calculated by adding the square roots of the serial and parallel noises. 
where: Req = 250 Ω (preamplifier equivalent noise) τp = shaping time cte on position channel in s τe = shaping time cte on energy channel in s Cd = detector capacitance in F Rd = resistance of the resistive electrode between the 2 contacts in Ω L = resistive electrode length in mm E = particle energy in eV For heavy particles the straggling in the detector entrance window has to be added to the total noise for a good energy resolution evaluation. The amplifier time constants should not be too low against the detector time constant, which is given by Rd * Cd, to avoid a too high balistic defect on position as well on energy channels. This factor is commonly equal to 0.5 = (τ / Rd * Cd) for 1% on position and 0.2 % on energy. For a factor equal to 0.25 we will have respectively 4% and 0.8%. We can see from the parallel noise calculation on the position channel (eqn. 2) that this value is important even for Rd = 10 kΩ. This is a limitation for this kind of detectors because the position resolution can only be low ( 100 µ to 1 mm ) for high energy particles such as alphas or heavy ions above a few MeV. In practice the features are given for 5.5 MeV alpha particles, where a position resolution of 1 % of the electrode length can be achieved for a 10 kΩ electrode. Photons and low energy charged particles cannot be measured by this resistive layer detectors. 
Single Resistive Layer Detectors
Position sensitive detectors with resistive layer can be made by the same technology as standard detectors except that the resistive layer is obtained by a lower doping of one of the electrodes, and it is ended by two aluminium contacts for the position information. The opposite side is a low resistive contact which gives the total particle energy. The simplest design is to use the P+ junction as the resistive electrode (typical entrance window is 50 nm). If a higher bias voltage should be applied to fully deplete a thick detector, then using the P+ junction as the low resistive electrode is necessary because of the low breakdown voltage for a thin P+ junction. The resistive layer is then the ohmic side (typical entrance window is 150 nm) where the electric field is low. This structure has the drawback that it needs a double sided processing. Available sizes are 10x5 mm 2 to 80x20 mm 2 and thicknesses from 150µ to 700µ. The position resolutions are between 1% and 3% of the resistive electrode length for 5.5 MeV alpha particles, depending on the energy resolution.
Resistive Pad Array Detectors
By designing on the same silicon chip resistive pads, we can build a simple two direction sensitive detector. The pad pitch is the position resolution in one direction, while each resistive layer will give the position resolution in the orthogonal direction. If this kind of detectors are used with the entrance side opposite to the pads, then we have a detector without dead gap between pads for charged particles that will be entirely stopped in the detector thickness. The same designs as described for single resistive layer detectors can be used of course for array detectors. Different models were fabricated from 40x40 mm 2 -4 pads, 60x60 mm 2 -16 pads, 80x35 mm 2 -16 pads for nuclear physics measurements specifically to discover new heavy elements [4] [5] . Maximum dimension of 80x80 mm 2 is possible using 5" wafers. 
Square Resistive Layer Detectors
This device has a square resistive layer (r/sq) where charge is collected at each corner contact of the detector ( fig. 3) . Distortion of the position can be greatly reduced by a new approach in which four corner contacts are connected by the addition of an implanted line resistance (Rl). The resultant deformation of the position pattern is reduced to a nonlinearity to be less than 2% if r/sq is equal to 10 times Rl. An important distortion will be if this factor is only equal or less than 3 [6] . This structure has some limitations because the sheet resistance of the layer can be implanted by a minimum dose (5E12/cm 2 ) which will give approximately 20 kΩ/sq. Thus, for 2% distortion, the line resistance is 2 kΩ which is a low value and gives a high parallel noise on the position sensitive channel (eqn. 2 where Rd is replaced by Rl). For this reason these detectors have to be used if the charged particle energy is in the range of tens of MeV for large active areas. The position resolution is 3 times the one calculated for single resistive layer detectors if r/sq = 10 * Rl . The amplifier time constant on the position channels is optimised for a value equal to r/sq * Cd / 3. 
MICROSTRIP DETECTORS
The most common position sensitive detectors used in high energy physics experiments or in medical applications are single sided and double sided microstrip devices. The major reasons are the high timing performances and the capability of high counting rates. The mean problem is the number of readout channels needed because each strip has to be connected to a preamplifier. Nevertheless, in the last years, a lot of integrated electronics were developed in CMOS as well in bipolar technology. If the particle energy is in the MeV range, then capacitive coupling (1 to 10 nF) between strips, can reduce the number of readout channels to three preamplifiers, two connected on first and last strips for position informations by capacitive pulse sharing, and one on the back side for measuring the total energy. Each strip must be biased by a charge resistor (1 to 100 MΩ) which can be designed so as the capacitors are on chip or external [7] . Regarding the X-ray measurements the performances of these integrated preamplifiers are poor (about 3 keV resolution for 10 pF detector capacitance) and novel electronic chips should be developed for using them efficiently in the sub-keV range.
Single sided strip detectors have mostly P+ readout strips connected directly to the preamplifiers. If the individual strip leakage currents can influence the preamplifier features or if they will increase as a function of time because of radiation damages, then it is recommended to use a coupling mode by an additional capacitor ( AC mode ) on each strip to avoid excess noise in the preamplifiers. An easy way is to design aluminium strips on top of the P+ implanted strips, which are isolated by an enhanced oxide layer. This configuration needs to bias the P+ implanted strips by individual charge resistors (100 kΩ to 100 MΩ) on the silicon chip detector. The value and quality of these resistors are an important factor for the preamplifier noise. There are several types of resistors which can be integrated in the same process as the detector, ion-implanted resistors, punch-through resistors and polysilicon resistors. The choice of the kind of resistor depends on the requirements. Ion-implanted resistors need only one process step more while polysilicon resistors need two steps and an additional layer deposition. On the other hand, implanted resistors cannot be used as ohmic resistors while polysilicon resistors are on top of an isolated layer against the detector bulk. Finally the punch-through resistors don't need any additional process steps, but cannot be used in case of high radiation exposure. Fig. 4 shows the cross section of a double sided strip detector with capacitor coupling and charge resistor biasing.
Bias line Polysilicon resistors
Readout capacitors on junction side An interesting structure for medical applications is a stack of several strip detectors where the X-rays are impinging from the silicon chip edges parallel to the strip length ( see fig. 5 ). A thin isolation between detectors is added. A detection efficiency close to 90% at 20 keV is achieved with an edge-dead thickness of less than 200 µ and a strip length in the cm range. In fact this assembly is a pixel detector where the strip pitch and the detector thickness are the pixel size. Such a system was built for digital diagnostic radiology of soft tissues ( mammography ) [8] 
PIXEL DETECTORS
Dividing a detector active area in pixels, one obtains a position sensitive detector where the pixel pitch size is the position resolution. Each pixel is connected to a preamplifier. The drawback is the large number of channels. On the other hand these detectors show high energy resolutions, are very fast and accept very high count rates. Furthermore they can be made by single processing except for special requirements such as very thin entrance windows (25-50 nm) or, if no dead-gap between pixels is required. The possibility to exploit the interpixel capacitive coupling, would substantially reduce the number of readout channels. Charge division mechanisms will profit from the high signal-to-noise ratio due both to the small pixel capacitance and to the low leakage current [9] . Pixel detectors are well suited to be mounted in hybrid photodiode tubes where they replace the metallic anode (see further: multi-pixel hybrid photodiode tubes). Different pixel sizes in hexagonal shapes have been produced. A silicon chip containing 1024 pixels, each with its readout electronic chip is described below [10] . Pixel detectors have their place in nuclear physics, high energy physics and X-ray measurements. The small pixel dimensions allow 1 to 3 keV resolution at room temperature and very fast rise time: 2 to 10 ns depending on detector thickness. Since pixel detectors have been proposed for high energy physics experiments, hybrid and integrated electronics were developed to allow experiments with a large number of readout channels. For the high intensity, high rate particle physics experiments, a true 2-dimensional micropattern pixel detector allows an essential improvement in the selectivity of the trigger. This detector combines a two dimensionally segmented silicon detector of 1024 sensor elements ( 16 columns and 64 rows ) with a geometrically identical matrix of electronic readout circuits with fast, low-noise pulse processing electronics in each cell. The size of each pixel is 50 x 500 µ 2 . Detectors of 300 µ and 150 µ thick were used successfully at CERN [11] . Particles can be identified within a time frame of 15 -25 ns. A noise level of 170 e -rms has been measured with a threshold non-uniformity of 750 e -rms.
DRIFT DETECTORS
Silicon drift detectors are depleted by inversely biasing the detector through the P+ strips on both faces and a small N+ collection anode (see cross-section on fig. 6 ) [12] . This greatly reduces the collection electrode capacitance and hence the energy resolution. By measuring the drift time of the signal electrons to the readout anodes a good position resolution (40µ ) is obtained unambiguously for the two coordinates. Compared to both strip and pixel detectors, the drift detector has a small number of readout channels offering meanwhile a good energy resolution and high granularity pixel-like position measurements. It is well suited for track detection in high energy physics especially in the presence of high particle density [13] [14] . It also is useful in X-ray measurements due to the excellent energy resolution. All basic elements implemented on the silicon chip, such as drift electrodes, high voltage divider, guard electrode structure, charge injectors and charge collection zone have to be carefully simulated before designing a drift detector. Most of the drift strips have a pitch of 120 µ and the anodes a pitch of 200 µ. To have a constant field over the total detector area neutron transmutation doped silicon material is recommended. Drift directions can be designed, with the field toward the detector edges (eccentric) or toward the detector centre (concentric). The eccentric model is mostly used in high energy physics. It makes a bidirectional structure called "butterfly". Detector sizes from 2 to 56 cm 2 (2 times 3.5 cm drift length by 8 cm width) where built showing 100 µ position resolution in both directions. The concentric structure is used for energy resolution below 1 keV and with small detector size. By placing individual detectors in a hexagonal shape, a pixel drift detector with the best possible resolution can be obtained.
MULTI-PIXEL HYBRID PHOTODIODE TUBE
The hybrid photodiode tube (HPD) is constructed by mounting a planar silicon diode in a vacuum tube facing a photocathode [15] . The photoelectrons are accelerated by an electric field and penetrate in the depleted region of the silicon diode generating an electrical signal in the form of electron-hole pairs at a rate of one for every 3.6 eV of the reversely biased diode. The charge-gain is HV/3.6 at the operating high voltage (HV). For 15 kV this gain is about 3500 taking into account a gain threshold of 1 to 2 keV due to the energy lost by the photoelectron penetrating the thin contact layer of the diode. The electric output signal is amplified and conveniently shaped to be measured with the most favourable signal to noise ratio. The noise is related to the leakage current (Ileak), diode capacitance Cd and shaping time (τ). Following equation shows the noise dependence in Equivalent Noise Charge (ENC) :
Increasing the shaping time constant, the contribution due to the leakage current increases while the contribution due to diode capacitance decreases.
Two versions of HPD were developed, one is a focused design and the second a proximity (see fig. 1 ). For the focused HPD the diode area is much smaller and will give lower noise while the proximity HPD works in high magnetic fields because of the small distance between cathode and diode [16] . electric field 15 kV (b) Proximity HPD for use in high magnetic field, distance between cathode and diode is short to avoid a deviation of the electron paths. If the silicon diode is designed as a multipixel detector, each pixel can be connected to an electronic amplifier. In this case we obtain a position sensitive detector with an improved energy resolution because leakage current and capacitance of individual pixels is much lower than the total active area of the detector. Several models of multipixel HPD's were fabricated having 7 to 75 pixels with pitch from 10 to 1 mm. A more complex design was also built, integrating a micropattern pixel detector (pitch 500 µ x 75 µ) with its readout chip connected by bumping on the diode ( see: pixel detectors).
The unique design of the HPD offers a number of advantages over the widely used photomultiplier tubes (PMT), photodiodes and avalanche photodiodes. The most important of these are :
• Very good single photo-electron response. An ENC of less than 200 e -for small pixels and less than 1000 e -for a one inch diameter diode was measured.
• Fast response. The rise and fall times depend on the size and thickness of the diode and the bias voltage applied to it. Rise and fall times of a few nanoseconds are achievable, the limitation is the electron and hole velocity for a given collection field in the diode. An absolute limit is 1 nanosecond per 100µ silicon thickness for electrons and 3 nanoseconds for holes. For very fast timing, 80 µ and 150 µ thick diodes are used in the HPD using the P+ doping as entrance window ( holes have to make a short path while electrons must cover the total diode thickness to be collected on the electrodes ).
• Relative insensitivity to magnetic fields. A proximity-focused HPD device is not affected when operating in magnetic fields up to 2 Teslas.
• Good position-resolution can be achieved. Micropixel versions of the diode have shown position resolutions of the order of 100 µ with just one hundred photoelectrons. Ability to select the entrance window material of the HPD like quartz, fibre face plates and scintillation materials ( eg. BaF 2 , CsI(TI), etc. ) [17] .Other features such as compactness, large dynamic range, low power consumption and long lifetime make these devices well suited for scintillation counter applications.
CONCLUSIONS
Passivated implanted planar silicon detectors offer a wide range of position sensitive detector structures that are optimised for a large range of application. They allow various nuclear physics and high energy physics experiments as well as X-ray measurements. Each application uses the best appropriated design for an optimised result. Advanced techniques that can mix different products, lead to a new family of detectors such as hybrid photodiode tubes or electronic readout circuits bumped on pixel detectors. One or two directions position sensitive detectors show position resolutions from 25 µ to 20 mm. They are made using single sided or double sided processes. The experiment requirements define the detector technology to be used. The different possibilities offered today are: resistive layer detectors, pad, strip and pixel detectors and drift devices. Because of the increasing interest for position sensitive detectors, new developments are being made on still other detector features and structures, as well as on electronic readout circuits.
